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The Detection of Optical Second 
Harmonic Generation from High 
Tc YBa2Cu307 Epitaxial Thin Films 
Kuang Yao Lo and Juh Tzeng Lue 
Abstract- We have attempted to measure the second har- 
monic generation (SHG) of YBa2Cu30,-6 (YBCO) epitaxial 
films grown on (001) MgO substrates by laser ablation. Since 
the structure of the film has inversion symmetry, the possi- 
bly SHG susceptibility can only be attributed to the antifer- 
romagnetic dipoles and electric quadrupoles. The delicate and 
meticulous experiment shows that the angular dependence of the 
second harmonic susceptibility of the superconducting films can 
be fitted successfully by the time-dependent density functional 
approach. 
HE DISCOVERY OF high Tc superconductors (HTSC) T invokes many research activities in optical measurements 
in attempt to find whether the Cooper pairing mechanism 
is mediated by excitons [ 1 I ,  polaritons [ 2 ] ,  bipolarons [31, 
plasmons 131, or magnons [4]. The crucial prospects are 
polaritons and phonons can be detected by Raman Scatter- 
ing, and plasmons can be veritied by photoelectron emission 
spectra; whereas excitons and magnons can possibly enhance 
the nonlinear optics generation. On these ad hoc experiments, 
some phonon vibration modes and bipolaron energy gap 
inherent in the crystal structure and Boson condensation, 
respectively, have been detected by Raman [ 5 ] .  [6] and far- 
infrared spectral 171. Till now the existence of plasmons and 
magnons in the high Tc superconductors remains premature. 
A prevailing theory on the recently developed high Tc 
superconductors proposed by Anderson as generally perva- 
sived as resonating valence bond (RVB) [ 81 elucidates that 
the spins of the neighboring copper ions (oxygen deficiency) 
or holes at sites of neighboring oxygens (oxygen doped) are 
antiparallel which exchange spins quickly. Magnetic dipoles 
were supposed to be one of the dominant contributors to the 
second harmonic generation. To our perception, this is the first 
report on the experimental detection of the angular dependent 
SHG of high Tc superconductors. 
SHG from several HTSC materials has been reported in 
which the absolute intensity of SHG [9], is reported to be 
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larger from YBa2Cu307-6 (YBCO) than from silicon. Rice et 
al. [ I O ]  took experiments from different oxygen concentrations 
of YBCO thin films and observed larger changes in SHG 
intensities. They pointed out the correlations between the 
SHG signal and the c-axis length, and suggested that the 
predominant contribution of the SHG comes from the free 
carriers in taking account of the facts that the compression of 
the c-axis increases the carrier density of the materials. Their 
result agreed with the experiment of SHG for a metal surface 
and in accord to the hydrodynamic calculation. However, 
there is a lack of the information about the nonlinear surface 
response which can be induced by extemal field. 
In this letter, we take the SHG experiment on the YBCO 
thin films with a variation of incident angles. The method is 
realized to be an important technique to study the nonlinear 
response of conducting materials. We use the time-dependent 
density-functional approach I 1 11, [ 121 to determine the non- 
linear electrodynamics response of surface. The speculated 
parameter .(U) which characterized the perpendicular surface 
contribution is treated as a function of the surface electron 
density and the frequency. 
The ceramic YlBa2Cu307-h can be either an insulator or 
a superconductor at a demarcation of oxygen doping concen- 
tration h' - 0.5. For b > 0.5. the crystal structure is tetragonal 
and non-superconducting, whilst i t  becomes orthohombic and 
superconducting at h < 0.5. Both of these crystal structures 
have inversion symmetry and the second order nonlinear 
susceptibility due to electric dipole is zero [ 131. We may take 
attention to the contribution from conduction electrons which 
possibly yields higher order fields. 
Several models have been exploited to describe the SHG 
response of a metal. The classical hydrodynamic model [ 131 
cannot elucidate the electronic structure at the metal surface; 
hence it is of limited use in evaluating the surface response. In 
calculating the SH response of a jellium surface, Liebsch and 
Schaich [ 1 1 1, [ 121 used the time-dependent density-function 
approach to evaluate the SH optical response of the metal, and 
implied the self-consistent density functional formalism (DFT) 
to evaluate the ground state electronic structure of the surface. 
In comparing with Sipe who used a step surface potential, 
the DFT calculation applied a self-consistent screened sur- 
face potential and an electron density which varies smoothly 
throughout the surface region. 
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The generation efficiency of the p-polarized SH reflectivity 
output radiation may be parameterized as follows [12] 
where 
and s ( w )  is given by s ( w )  = ( € ( U )  - sin28)’/2/cos8. The 
€ ( U ) ,  t (2w) are the bulk dielectric constants at the fundamental 
and SH frequencies, respectively. The functions .(U), b (w) ,  
and d ( w )  appearing in ( I )  characterize the two nonlinear 
surface polarizations (normal and parallel to the surface) and 
the bulk polarization. Moreover, many authors [ 141, [ 151 found 
that h ( w )  and d(w) are practically independent of frequency 
and are given by their free-electron values i.e., b ( w )  = -1 
and d ( w )  = 1. Here the perpendicular surface harmonic 
polarization is determined by the nonlinear dynamic response 
of surface electrons, which is dominated by the frequency 
dependent factor .(U). 
Liebsch [ I  I ]  express the parameter U(W) in terms of the 
nonlinear induced-surface change distribution S712( z ,  w )  by 
.(w) = -471 dzz6712(z, w )  / cT(w)2 s (2) 
where the coordinate z is along the surface normal direction, 
71, is the bulk electron density, and n = [ ~ ( w )  - ~ ] [ E ( w )  + I]-’. 
The nonlinear induced density 6n2(z ,  w )  is given by 
h71,2(Z, W )  
= / ’dz ’ /dz”x2(z?  z’, z”, W ) ~ ~ ~ S C F ( Z ” ,  w )  
+ - 2 dZ’Xl(Z> z’, w)I!yc(z’)[6n1(z’ , 41’ ‘J’ 
where x1  and x2 represent the linear and second-order 
independent-particle susceptibilities, 6711 and q!qSCF denote the 
linear induced density and self-consistent complex potential, 
respectively; VXC is the exchange-correlation potential, and 
K(z’ ~ z”) represents the static linear-response kernel. 
The experimental setup for the SHG measurement as de- 
scribed in previous work [ 161 has been modified. The fun- 
damental light source is a Coherent Product Nd:YAG laser 
(Model 76-5) with Q-switched (500 Hz) and mode locked (76 
MHz) at a pulse energy of 80 p.1 (- 1M w) with a pulse 
FWHM of 100 ps. In front of the sample, we insert a concave 
lens in order to expand the beam to obviate the thermal damage 
of the surface. The second harmonic reflectivity is calibrated 
from a reference standard (e.g., the GaAs wafer which has 
R2” = 3.685 x 10-’’ cm-2/watt). In this measurement, 
thin film samples of Y 1 B a 2 C ~ ~ 0 7 - 6  compounds are ablated 
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Fig. 1. The power dependence of the SH reflectance from the YBCO thin 
film. A fit to the equation of Izd a (151) ’~  yields a power dependence of 
n - 2.002. 
on (001) MgO substrates by using a KrF2 excimer Laser 
(Lumonic 400). The four-point resistivity measurement shows 
that the Tc onsets at 90 K and reaches zero resistance at 89 K. 
The X-ray diffraction pattern reveals that the films are highly 
preferentially oriented with the c-axis parallel to the normal 
of the MgO substrates. Scanning electron microscopy indicates 
the surface being mirror-like, shining and blackish. 
The power dependence of the SHG from the YBCO thin 
film is examined at the incident angle of 80” (Fig. 1). A fit 
to the equation of IzW a I; yields a power dependence of 
n = 2.002 which verifies the signals to be due to SHG. 
Another examination of the SHG signal can be obtained by 
changing the band pass filter in front of the PMT window, 
which shows that there is no additional light signal such as 
photoluminescence or thermal radiation to be detected by the 
detector. After the experiment, the sample is checked with its 
Tc to ensure that the sample is undestructed. 
The experimental data and the fitting curve are shown 
in Fig. 2. As a result of best fitting, the extracted pa- 
rameters are ~ ( w )  = (-40.15),~(2w) = ( -15.5),a(w) = 
(-7.7, -2.5), b ( w )  = -1 and d(w) = 1. The above data are 
taken from the unpolarized SHG output with the p polarized 
fundamental input light. To check the metallic behavior, we 
may put a polarizer in front of the PMT. The obtained s 
polarized output, which should be zero for a perfect metal 
surface, is about five times weaker than the p polarized output. 
This discrepancy may be due to the surface of the YBCO 
thin film grown by laser ablation is not a perfect epitaxial 
film which topographically shows grain like. Therefore, it is 
possible to detect the existence of the s polarized light due to 
the depolarization effect of a rough surface. The roughness of 
surface can not change the inversion symmetry of the crystal, 
therefore it can not yield a new source for SHG. 
Based on the assumption of the metallic behavior of the 
TBCO thin film, it can be scrutinized that the SHG intensity 
should be changed with the variation of incident angles. 
However, the fitting parameters presented in (1) need to be 
discussed. The parameter of the normal surface current .(U) is 
greater than the order of unit and is complex, which dominates 
the total SHG current, especially for high incident angles. 
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Fig. 2. The incident angle dependence of the SH reflectance. The solid line is 
the fitting curve calculated by the theory of A. Liebsch. The fitting parameters 
areci(d) = (-7.7. -3.5), I J ( s )  = - 1 , 1 1 ( ~ , )  = 1, e ( & , )  = (-15. 5 ) ,  
andr (2s )  = (-40. 15).  
The fitting parameters F ( W )  and c(2w) are different from 
those obtained directly from optical reflectivity [ 171. The large 
negative values of the dielectric function obtained from the 
simulation of SHG may be due to the sharp increase of con- 
duction carriers which are excited by the intense fundamental 
light during the experiment. The high value of ~ ( w )  requires 
a free carriers of n "N 4 x lo2' c r ~ i - ~  as estimated from the 
Drude model. For an incident photon flux as high as 4.3 x 
phnton.s/cm,'3 . sec, an abrupt increase of free carriers from 
its intrinsic value of 'no z 3.5 x lo2' c ~ i i - ~  by IO folds is 
plausible. As an inspection of the energy band diagram of 
YBCO [IS],  we can see that the positive band gap between 
the conduction valleys (at the central Brilloun r point), and 
the valence top (at S point) varies from 1.1 to 2.0 eV which 
is close to the pump frequency hw = 1.16eV. These photon 
excited free carriers greatly enhance the metallic behavior of 
the YBCO films. 
In conclusion, this is the first endeavor to verify the metallic 
behavior of the recently developed YBCO superconductors 
from the measurement of the angular dependence of SHG 
intensities. Since the epitaxial film has inversion symmetry, 
also the conduction electron density in YBCO is about hundred 
times below noble metals, the electric quadrupole contribution 
to SHG will be also lower than the noble metals by this order. 
The remnant contribution from the magnetic dipole is also very 
low due to the fast super exchange interaction of the spin states 
between next neighboring antiferro-magnetic dipoles (with 
exchange frequency J > 1013 Hz) [19] which is averaged 
to be zero within the probing time of several hundreds of 
picoseconds. On account of the highly anisotropy of optical 
properties [20], the angular dependence of YBCO films can not 
be expressed by the conventional hydrodynamic theory [ 1 I ] ,  
[21] which counts for the contribution both from the current 
sources of electric quadrupole and magnetic dipole. Whereas 
the time-dependent and self consistent carrier density function 
on surface without counting the volume magnetic dipole field 
can yield right prospect to the experimental result. Due to 
the suppression of the negative dynamic dielectric constant 
of the superconductinghsulating superlattice [22] which is 
essential to yield attractive pairing force, the plasmon-polariton 
mediated mechanism is much prominent than magnon for the 
layered superconductors. 
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